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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 5 

[0001] The present Invention relates to a process for 
growing a crystalline compound semiconductor. Com- 
pound semiconductors are used, for example, as mate- 
rials for composing various electronic devices, and for 
a miniaturization and improvement of the perfonnance 
of electronic devices, sometimes it is desirable to grow 
a compound semiconductor having a required compo- 
sition to a required thicicness at a required place. The 
atomic layer epitaxy (ALE) process for controlling the 
growth at an atomic layer level is one means of attaining 
the above requirements. 

2. Description of the Related Art 

[0002] Known methods of a gas phase deposition of 
a crystalline compound semiconductor include a meta- 
lorganic chemical vapor deposition (MOCVD), a molec- 
ular beam epitaxy (MBE), and an atomic layer epitaxy 
(ALE), etc. The MOCVD provides a high deposition rate, 
but in a MOCVD, it is difficult to control the atomic layer 
level. The MBE uses a super high vacuum apparatus, 
wherein a molecule beam is fed into a super high vac- 
uum chamber to grow a crystal layer. 
[0003] ALE is advantageous when a ternary element 
compound semiconductor is grown. In the conventional 
processes, the three elements occupy random sites in 
the crystal so that scattering of a carrier is caused by 
the alloy effect. In contrast the site of each element can 
be designed by ALE so that a crystal structure without 
the alloy scattering effect can be grown. 
[0004] Japanese Unexamined Patent Publication 
(Kokaj) No. 61 -34922 discloses an ALE in which a vac- 
uum chamber is evacuated to a super high vaccum, an 
As substrate is heated, and gases containing constitu- 
ent elements for a compound semiconductor to be 
grown are sequentially introduced in predetermined 
amounts into the vaccum chamber, to grow a compound 
molecular layer by molecular layer. This process, how- 
ever, requires a long time for switching the source gas, 
during which the once-deposited atomic layer may be 
adversely affected, and thus the controllability thereof is 
low. 

[0005] Also, the ALE has problems with hetero epi- 
taxy. 

[0006] First, an epitaxial growth of an InAs layer on 
an InAs substrate is described. In a reaction tube of 
quartz or the like, an InAs substrate is heated to, for ex- 
ample, 350^C, and a source gas for a Ill-group element, 
In, and a source gas for a V-group element. As, are al- 
ternately introduced over the substrate. The gas pres- 
sures are, for example, in a range of several torr to sev- 
eral 1 00 torr. An example of the In source is trimethylin- 



dium (CH3)ln , and an example of the Ga source is arsine 
ASH3. An In layer and an As layer are alternately grown 
on the substrate, to thereby grow an InAs crystal by ALE. 
[0007] Next, a GaAs crystal is grown, for example, at 
SOC'C. from trimethylgallium (CH3)Ga. as a Ga source 
and arsine ASH3 as an As source. 
[0008] In the above examples, the growth tempera- 
ture of an InAs crystal is 350'*C and that of a GaAs crys* 
tal is 500^*0. Accordingly, when a heteroju notion of InAs/ 
GaAs is grown , if the growth temperature is set to 500*C 
it is too high for the InAs growth, and accordingly, the 
self-limiting effect Is lost and an atomic layer growth be- 
comes difficult. Further, if the growth temperature is set 
to 350*C it is too low for the GaAs growth, and thus crys- 
tal growth does not proceed. If the growth temperature 
is frequently varied during the crystal growth, the con- 
trollability and efficiency thereof are deteriorated. 
[0009] Moreover, problems arise such as the differ- 
ences of lattice constants and thermal expansion coef- 
ficients of crystals constituting the heterojunction, the 
stability of the respective atoms at the heterojunction, 
and an Interdiffusion of constituent atoms at the heter- 
ojunction, or the like. 

[0010] Furthermore, in a conventional ALE, the 
growth rate by one cycle of source gas supply is deter- 
mined by the concentrations and supply times of the 
source gases. Particularly, the growth rate in ALE is re- 
ported, for example, for GaAs in Applied Physics Let- 
ters, vol. 53, pp. 1509-1511 (1988). Also, the purity of a 
GaAs crystal depending on the concentrations and sup- 
ply times of the HI and V source gases is reported in 
Journal of Crystal Growth, vol. 93, p. 557 (1 988). Thus, 
the effects of the time when a source gas is not supplied 
on the growth rate and the characteristics of the grown 
crystal are not known. 

[001 1 ] As above, the atomic layer epitaxy, particularly 
hetero-epitaxy of a compound semiconductor has not 
been clarified as yet, and it is still difficult to grow a crys- 
tal having required qualities by ALE. 

SUMMARY OF THE INVENTION 

[001 2] Therefore, an object of the present invention is 
to provide a process for growing a crystalline compound 
semiconductor, in which a control of an atomic layer lev- 
el is possible and an excellent crystalline compound 
semiconductor can be grown. 

[0013] Another object of the present invention is to 
provide a process for growing a heterojunction of crys- 
talline compound semiconductors containing indium as 
the Ill-group element in an atomic layer precision. 
[0014] A further object of the present invention is to 
examine the effects of the time at which a source gas is 
not supplied to the crystal growth, and to improve the 
ALE technology and enable a control of the growth of a 
crystal at the atom level and provide an excellent hetero- 
epitaxy. 

[0015] To attain the above and other objects of the 
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present Invention, the present invention provides a proc- 
ess for growing a crystalline connpound semiconductor, 
comprising the steps of heating a crystalline substrate 
to a predetenmined temperature in a vacuum chamber; 
and at said predetermined temperature of the crystalline 
substrate, in the following sequence; supplying a first 
source gas for a lil-group element containing an organic 
In compound diluted with hydrogen over said crystalline 
substrate under a predetermined pressure, discharging 
the first source gas, supplying a second source gas for 
a first V-group element over said crystalline substrate 
under a predetermined pressure, discharging the sec- 
ond source gas. supplying a third source gas for a Ill- 
group element containing an organic In compound di- 
luted with hydrogen over said crystalline substrate un- 
der a predetemnined pressure, discharging the third 
source gas, supplying a forth source for a second V- 
group element over said crystalline substrate under a 
predetermined pressure, and discharging the forth 
source gas, wherein said first and second V-group ele- 
ments have at least different compositions or even con- 
tains different elements. In the above process, the first 
to forth source gases are supplied oven the crystalline 
substrate without pyrolysis of the source gases. 
[0016] In the above process, the steps of supplying 
the first and second source gases can be alternately re- 
peated to grow a first compound semiconductor layer 
on the crystalline substrate, before the step of supplying 
the third source gas. Also, after the step of supplying the 
second source gas, the steps of supplying the third and 
fourth source gases can be alternately repeated to grow 
a second compound semiconductor layer, on said first 
compound semiconductor layer. Accordingly, a hetero- 
junection is formed at the interface of the first and sec- 
ond compound semiconductor layers, and in accord- 
ance with the process of the present invention, this het- 
erojunction has an excellent atomic layer level, or even 
atom level, and therefore, it is possible to produce a su- 
perlattice structure in which various compound semi- 
conductor layers are sequentially and repeatedly grown 
and all of the interfaces of the layers are sharp or pre- 
cise. It is also possible for each layer to have a thickness 
of not more than 20 molecular layers, i.e., a very fine 
superlattice stmcture. 

[0017] Typically, heterojunction such as InAs/lnP, In- 
AsP/lnP, InAs/lnAsP can be grown. 
[0018] The first and third source gases are supplied 
over the crystalline substrate under the conditions of a 
predetermined temperature, a rate of hydrogen dilution 
of the organic In compound, a flow rate of the source 
gas and a predetermined pressure such that the organic 
In compound is not effectively pyrolized before reaching 
the crystalline substrate, but is pyrolized on reaching the 
crystalline substrate. 

[0019] Also, preferably a hydrogen gas is supplied af- 
ter the step of supplying each source gas, to purge away 
the source gas. but the time for which the H2 is supplied 
for the purge, after the supply of a V-group source gas, 
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is limited within a certain range such that the already 
adsorbed V-group atoms are not removed. 
[0020] In another aspect of the present invention, 
there is provided a process for growing a crystalline 
compound semiconductor, comprising the steps of sup- 
plying a Ill-group element source gas over a crystalline 
substrate, supplying a hydrogen gas over the crystalline 
substrate to purge away the Ill-group element source 
gas for a predetennined time, supplying a V-group ele- 
ment source gas over the crystalline substrate, and sup- 
plying a hydrogen gas over the crystalline substrate to 
purge away the V-group element source gas for a pre- 
determined time, and repeating said steps to thereby 
grow a lll-V compound semiconductor layer on the crys- 
talline substrate, wherein said time of supplying the hy- 
drogen gas for said purge is controlled, to thereby con- 
trol a growth rate of said compound semiconductor. 
[0021] Also, there is provided a process for growing 
a crystalline compound semiconductor, comprising the 
steps of supplying a Ill-group element source gas over 
a crystalline substrate, supplying a hydrogen gas over 
the crystalline substrate to purge away the Ill-group el- 
ement source gas for a predetermined time, supplying 
supplying a V-group element source gas over the crys- 
talline substrate, supplying a hydrogen gas over the 
crystalline substrate to purge away the V-group source 
gas, and supplying a dopant source over the crystalline 
substrate, and repeating the above steps to thereby 
grow a doped lll-V compound semiconductor layer on 
the crystalline substrate for a predetermined time, 
wherein said time of supplying the hydrogen gas Is con- 
trolled to thereby control a concentration of said dopant 
in said doped-lll-V compound semiconductor layer. 
[0022] In a third aspect of the present Invention, there 
is provided a semiconductor device comprising a struc- 
ture of alternate first and second lll-V compound semi- 
conductor layers, said first and second lll-V compound 
semiconductor layers containing indium as a constituent 
element having a different composition orconstltuent el- 
ement, said first and second lll-V compound semicon- 
ductor layers having a thlcl^ness of not more than 20 
molecules of the lll-V compound semiconductorthereof . 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0023] 



55 



Figure 1 schematically shows an apparatus for 
atomic layer epitaxy in Examples; 
Fig. 2 shows the dependency of the crystal growth 
on the growth temperature in ALE of InAs and InP; 
Fig. 3 shows the dependency of the growth rate to 
the time width of TMIn supply in ALE using TMln as 
an In source; 

Fig. 4 shows X-ray diffraction peaks of (lnAs)3{lnP)2 
superlattice structure made on an InAs substrate; 
Fig. 5 shows X-ray diffraction peaks of (lnAs)3(lnP)^ 
superlattice structure made on an InAs substrate; 
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Fig. 6 shows X-ray diffraction peaks of {lnAs)2(lnP)i 

superiatice structure made on an InAs substrate; 

Fig, 7 shows the mechanism of crystal growth; 

Figs. 8A to 8D show the principle of control of the 

crystal growth by H2 purge; 

Figs. 9A and 9B show sequential charts of ALE of 

InAs; 

Figs. 1 0 and 1 1 show the dependency of the crystal 
growth of InAs on the purge time; 
Fig, 12 shows the crystal growth v,s. TMIn supply 
time, with t^ of Figs. 10 and 11 as a parameter; 
Fig. 1 3 shows the electron density or Se concentra- 
tion v.s. t<| (H2 purge time after V-group source sup- 
ply); 

Fig. 14 shows the maximum H2 purge time for pre- 
venting As desorption dependent on the growth 
temperature; 

Fig. 1 5 shows the As adsorption by a long H2 purge 
and an allowing caused thereby, 
Figs. 16A and 16B show the crystal structures of 
temary compound semiconductor grown in the con- 
ventional deposition processes and by the ALE 
process of the present invention, 
Figs. 1 7 and 1 8 show a section of an HEMT and a 
bandgap thereof; and 

Figs. 19 and 20 show a section of a heterojunction 
bipolar transistor and a bandgap thereof. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0024] Since InAs has a high electron mobility, lattice 
mismatched type and heterojunction type devices utiliz- 
ing InAs are extremely useful, but it has not been easy 
to form such a heterojunction. For example, even in a 
GaAs/lnGaAs system, the composition of In In InGaAs 
is at most only about 0.2 (20 mole% of InGaAs). Accord- 
ingly, the present inventor carefully studied a system of 
a heterojunction containing indium in both sides, which 
includes systems having a small lattice mismatch and 
makes the growth of the heterojunction easier. Particu- 
larly, InP/lnAs is advantageous since the interdiffusion 
of As and P at the interface of InP and InAs is extremely 
small. It is advantageously noted that In-containing 
compound semiconductors include combinations there- 
of which have close growth temperature ranges in ALE. 
[0025] Second, a Ill-group source gas comprising-an 
organic In compound diluted with hydrogen is used un- 
der a predetenmined pressure, and this enables a 
growth of a mono atomic layer of indium on a crystalline 
substrate. Further, the reaction of the source gas can 
be controlled by setting a temperature of the crystalline 
substrate. Particularly, it is possible to control the reac- 
tion such that the organic In compound is not pyrolized 
until it reaches the substrate, i.e., is pyrolized on the 
substrate. This control is made possible by using a 
source gas of an organic In compound diluted with hy- 
drogen. Thus, the combination of the utilization of a hy- 



drogen-diluted organic In compound and the control of 
the substrate temperature makes a two-dimensional 
growth of In or an in-containing I II -group elements pos- 
sible. If the substrate temperature is too high, a three- 
5 dimensional deposition occurs. 

[0026] If the deposition of a mono layer of a Ill-group 
element is obtained, it is easy to obtain a mono layer of 
a V-group element in ALE technology, and accordingly, 
the precise growth of a mono layer of a lll-V compound 
10 semiconductor is made possible. 

[0027] Third, a separation between a II l-group source 
gas and a V-group source gas can be Improved by sup- 
plying a hydrogen gas, for purging, between the steps 
of supplying the 1 1 l-group and V-group gases. By utilizing 
15 a hydrogen gas for purging, the separation of the differ- 
ent source gases is made more complete in a shorter 
time, and this prevents damage to the once formed com- 
plete interface during the gas separation period which 
occurs in the gas separation by the super high vacuum, 
as taught in Japanese Unexamined Patent Publication 
(Kokai) No. 61-34922. 

[0028] Since the utilization of a hydrogen diluted 
source gas contributes to a precise growth of an atomic 
layer, and since the utilization of a hydrogen gas for 
purging or source gas separation prevents damage to 
the already grown layer, the process of the present in- 
vention widens the ranges of controllable conditions for 
obtaining a desirable heterojunction of various com- 
pound semiconductors. Thus, the growth of an excellent 
heterojunection of, for example, InAs/lnP by ALE is 
made possible by the present Invention. 
[0029] Note, if the hydrogen gas is supplied for more 
than a certain time, for the purging or gas separation 
after the step of supplying a V-group element source 
gas, the already deposited V-group element tends to be 
desorped or reevaporated. If the already deposited V- 
group element is desorped, another V-group element 
may then deposit there so that allowing disadvanta- 
geously occurs. Accordingly, the purging should be kept 
within the certain time needed for obtaining an excellent 
crystal or heterojunction. Nevertheless, the amounts of 
vacancies, dopants, etc., in the compound semtoonduc- 
torcan be controlled by controlling the purge time, since 
the amount of the V-group element desorped by the 
purge depends on the purge time. 
[0030] 1 . The basic experimental results of the 
present invention are first described. Fig. 1 schemati- 
cally shows an apparatus for carrying out the crystal 
growth process of the present invention, and Fig. 2 
shows the dependency of the crystal growth rate on the 
growth temperature. 

[0031] In Fig. 1 , a reaction tube 1 is made of quartz, 
has a narrowed end, and can be evacuated. A susceptor 
8 for mounting a crystalline substrate thereon is ar- 
ranged in the reaction tube 1 . The susceptor 8 is made 
of, for example, carbon (graphite), able to absoris a radio 
frequency. The susceptor 8 is supported by a support 
bar 11 and Is movable between a preparation chamber 
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13 and a crystal growth chamber, through a gate valve 
12. 

[0032] Bellows 1 4 are provided to maintain an airtight 
condition while vertically moving the support bar 11 . An 
RF coil 2 is arranged around the reaction tube 1 at the 
portion at which the crystal growth is carried-out. and 
the carbon susceptor 8 can be heated by RF. 
[0033] The lower portion of the reaction tube 1 is con- 
nected to a gas inlet 15 having a small diameter, to thus 
increase the speed of a gas stream or jet. The gas inlet 
15 is connected to a manifold 5, for selecting a gas from 
among a plurality of gases. The gas inlet portion 6 of the 
manifold 5 is connected to a plurality of gas pipes. The 
manifold 5 also has a vent pipe 7through which supplied 
gases can escape without being supplied to the reaction 
tube 1 . 

[0034] Connected to the upper portion of the reaction 
tube 1 are a valve 4 for regulating a pressure and a vac- 
uum unit 3 for evacuating the used gas. 
[0035] in this apparatus, it is possible to heat the crys- 
talline substrate to a predetermined temperature, to 
supply a desired source gas over the substrate at a de- 
sired flow rate under a desired pressure, and to ex- 
change one gas for another gas in a desired short time. 
[0036] The heating means may be an electrical resist- 
ance heating, lamp heating or any other heating means, 
and the reaction tube 1 may be made a material of other 
than quartz. The susceptor 8 may be any such element 
capable of holding the substrate at a predetermined 
temperature. The manifold 5 should be able to ex- 
change on gas charged in the reaction tube for another 
gas in about 10 seconds. 

[0037] Using an apparatus as shown in Fig. 1 , a crys- 
tal growth was carried out to grow InAs on a (1 0 0) plane 
InAs substrate and InP on a (1 0 0) plane InP substrate. 
The growth conditions were as follows. 
[0038] The In source was trimethylindium (TMIn), the 
As source was arsine (ASH3), and the P source was 
phosphine (PH3). The In source gas was obtained by 
passing hydrogen gas through TMIn in a container kept 
at 27.1 •C, and was supplied into the reaction tube 1 to- 
gether with hydrogen at 60 seem for 15 seconds. The 
concentration of TMIn was about 5x 1 0'^% In the reactor 
and 0.17% In the TMIn container. 
[0039] ASH3 was diluted with hydrogen to about 1 0%, 
and supplied at 480 seem for 10 seconds. PH3 was di- 
luted with hydrogen to about 20%, and supplied at 480 
seem for about 20 seconds. The pressure In the reaction 
tube 1 was kept at about 15 torr during the crystal 
growth. The total gas flow in tube was 2000 seem. The 
gas supply was carried out in the order of the Ill-group 
element source, hydrogen, the V-group element source 
and hydrogen, and this cycle was repeated. The hydro- 
gen was supplied as a purging gas, to prevent a mixing 
of the Ill-group and V-group element sources in the re- 
action tube 1 . 

[0040] Fig. 2 shows the results of the obtained growth 
rate in relation to the growth temperature. One cycle of 



gas supply involves one supply of the Ill-group element 
source and one supply of the V-group element source, 
and the growth rate is expressed by the number of mo- 
lecular layers grown per cycle. 

5 [0041 ] Fig. 2 clearly demonstrates that one molecular 
layer of InAs was grown in one cycle in a temperature 
range of about 350 to 450''C, preferably about 310 to 
450*C, and half of a molecular layer of InP was grown 
in one cycle in a temperature range of about 300 to 

10 450**C, preferably 31 0 to 425®C. It is a characteristic of 
InP that a half molecular layer is grown in one cycle, and 
thus two cycles are necessary when growing one mo- 
lecular layer of InP. 

[0042] Accordingly, the temperature ranges in which 
InAs and InP can be stably grown under a precise con- 
trol almost overlap each other, arid thus InAs and InP 
layers can be grown on a crystalline substrate kept at a 
certain temperature to thereby form an excellent heter- 
ojunection, 

20 [0043] 2. (1) Next, using the apparatus as shown in 
Fig, 1, an (lnAs)m( InP )„ superiattice structure was 
grown on a {1 0 0) plane InAs substrate. (lnAs)^(lnP)n 
denotes that the superiattice structure is formed by the 
repeating unit layers of m molecular layers of InAs and 

25 n molecular layers of InP. 

[0044] The growth temperature was kept constant at 
ses^'C and the pressure was kept constant at 15 torr, 
during the crystal growth. 

[0045] The tn source was TMIn diluted with hydrogen 

30 to about 0.17%; the As source was ASH3 diluted with 
hydrogen to about 10%, and the P source was PH3 di- 
luted with hydrogen to about 20%. The flow rates of the 
In source. As source, and P source were 60 seem, 250 
seem, and 400 seem, respectively. Hydrogen gas was 

35 further added as a carrier gas, to make the total gas flow 
rate in the reaction tube 1 to 2000 seem. 
[0046] Before the fomriation of the superiattice stmc- 
ture, InAs and InP layers were grown to determine the 
time needed for supplying the In source. 

40 [0047] Fig, 3 shows the dependency of the growth 
rates of InAs and InP on the pulse time width of the In 
source (TMIn) supply. It was found that a TMIn supply 
of at least about 4 seconds is sufficient to grow a com* 
plete molecular layer of InAs. Also, a TMIn supply of at 

^5 least about 7 seconds is sufficient to grow a complete 
half molecular layer of inP, and two gas supply cycles 
provide a complete molecular layer of InP. 
[0048] It is clearly demonstrated in Fig. 3 that the time 
of the TMIn supply over a certain term gives a single or 

50 half molecular layer, and the crystal growth does not 
progress, even if the time is prolonged, i.e., a self-limit- 
ing effect is observed. 

[0049] Therefore, the TMIn supply time was set to 1 2 
seconds. 

55 [0050] (2) Using the conditions mentioned above, 
several superiattice structures (lnAs)n,(lnP}p, where n 
and m are integers of more than zero, were grown. 
[0051] Fig. 4 is an X-ray diffraction pattern of (lnAs)3 
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(lnP)2. The peaks (1 0 0), (4 0 0). (6 0 0), (9 0 0) and (11 
0 0) are satellite peaks and Indicate that a good single 
molecular layer growth occurred. The peaks (5 0 0) and 
(1 0 0 0) are diffraction peaks from the five molecular lay- 
ers as a unit, and include peaks (2 0 0) and (4 0 0) of 
InAs of the substrate. 

[0052] Thus, the X-ray diffraction peaks of Fig. 4 dem- 
onstrate that the superlattice structure of (lnAs)3(lnP)2 
was made on the (1 0 0) plane of the InAs substrate. 
[0053] (3) Fig. 5 shows an X-ray diffraction pattern of 
a superlattice structure (lnAs)3(lnP)i made in the same 
manner as above. In this case, four molecular layers are 
the repeating unit and (4 0 0) and (8 0 0) peaks are de- 
rived from this repeating unit. The peaks (1 0 0), (3 o 0), 
(5 0 0), (7 0 0) and (9 0 0) are satellite peaks derived 
from the single molecular layer structure. 
[0054] (4) Fig. 6 shows an X-ray diffraction pattem of 
a superlattice structure (lnAs)2(lnP)i made In the same 
manner as above. In this pattern, satellite peaks derived 
from the single molecular layer structure are observed. 
[0055] The X-ray peaks shown in Figs. 4 to 6 were 
obtained from the grown layer having a thickness of 
about 1 00 nm. It was confinmed from these figures that 
the superiattlce structures as designed were made. 
[0056] (5) In the above experiments, It is important to 
use TMIn, a Ill-group element source, with hydrogen as 
a earner gas. Although the present Invention is not 
bound to this theory, the growth occurs in the following 
mechanism, in accordance with the analysis of the data 
of the above and other experiments. 
[0057] TMIn, a Ill-group element source, is little py- 
rolized before reaching the crystalline substrate and be- 
ing adsorbed on the crystalline substrate in the form of 
the molecule. To pyrolize TMIn, hydrogen Is needed, 
and thus methyl Is converted to methane. The hydrogeri 
of the carrier gas supplies this hydrogen to react with 
methyl. 

[0058] Fig. 7 shows this reaction, wherein R stands 
for methyl and the white circle stands for Indium. 
[0059] When a trimethyl indium (TMIn) molecule is 
adsoriDed on the As atomic layer, as shown in the right 
half of Fig. 7, little of the TMIn molecule desorped, and 
it easily reacts with hydrogen to leave an In atom on the 
As atomic layer, and the methyl escapes in the form of 
methane Into the gas atmosphere. 
[0060] When the TMIn molecule is adsorbed on the 
surface of the In atoms already adsorped as shown in 
the left half of Fig. 7, the adsorption energy is so low that 
the adsorbed In atom is desorped into the atmosphere. 
To ensure this, it Is important that the temperature of the 
substrate Is not too high. 

[0061] The In atom adsorped by pyrolysis of a TMIn 
molecule on the substrate migrates on the surface of the 
substrate to be stabilized where the In atoms aggregate 
or come in contact. Thus, the In atom layer expands to 
form the two-dimensional growth. 
[0062] If the TMIn molecules collide and react with 
each other in the atmosphere or on the substrate to form 



In atoms, the desired growth mechanism Is disturbed. 
Therefore, the substrate temperature or growth temper- 
ature, the dilution rate of TMIn by hydrogen, the time 
that TMIn reaches to the crystalline substrate from the 
5 source, i.e., the flow rate of the supply gas if the reaction 
chamber is fixed, and the frequency of the collision of 
the TMIn molecules in the atmosphere. I.e., the pressure 
of the supply gas, and the like, are the parameters for 
the control of the considered reaction mechanism. 
10 [0063] It is preferable to control the above parameters 
such that TMIn is little pyrolized in the atmosphere be- 
fore reaching the substrate, Is adsorbed In the fomi of 
a molecule on the substrate, and is pyrolized by hydro- 
gen to become an In atom, and form an In atom layer. 
IS [0064] It is noted that the atomic layer deposition of a 
V-group element is easy In comparison with that of a Ill- 
group element, and the self-llmlting effect of the growth 
of the V-group element is higher Therefore, hydrogen 
as a earner gas is not essential, but is of course pre- 
20 ferred, to ensure the atomic layer growth of the V-group 
element and to accelerate the total process of the ALE. 
[0065] The source gas may be, for example, mole- 
cules of Ill-group and V-group elements bonded with 
any of hydrogen, methyl, ethyl, isobutyl, tertiarybutyl, 
2s amino, and some halogens. For example, arsine, phos- 
phine, tertiarybuthyl arsine, tertlarybuthyl phosphine, 
monoethyl arsine, monoethyl phosphine. etc. The V- 
group element may be not only As and P but also other 
V-group elements such as Sb. Sb allows a control of the 
50 lattice constant mismatch. 

[0066] It Is also preferred to keep the pressures of the 
supply gases constant, to prevent a reverse gas flow 
when one gas Is exchanged for another gas. 
[0067] The growth of an InP molecule layer requires 
^ two successive gas supply cycles, since one cycle gives 
only a half of an InP molecule layer. 
[0068] 3. (1 ) The principle of control of the crystal 
growth of a compound semiconductor by a control of the 
hydrogen purge after the V-group source gas supply is 
^0 first described with reference to Figs. 8A to 8D, followed 
by experimental examples. 

[0069] Figs. BA to 8D show the homogeneous growth 
of GaAs from trimethyl gallium (TMGa) and arsine 
(AsHg) in hydrogen gas flows. 

[0070] Fig. 8A shows AsHg as an As source being 
supplied on a crystalline substrate. AsHg is pyrolized by 
the catalytic action of the crystal surf ace'of the substrate 
to become an As atom or molecule and deposit one 
atomic layer on the crystal surface. Since As has a high 
so vapor pressure or a small bond energy of As-As. more 
than one atomic layer are not adsorped. 
[0071] Refem'ng to Fig. SB, the AsHj supply Is 
stopped and only hydrogen gas Is supplied to purge 
away the AsHj molecule. During this purge by H2. As 
S5 atoms are desorped the GaAs surface and the number 
of the remaining As atoms depends on the time of H2 
purge and the substrate temperature. 
[0072] When TMGa is supplied, the TMGa molecules 
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react selectively with the As atoms on the surface of the 
substrate, to adsorp Ga atoms thereon (Fig. 8C). 
[0073] Then, TMGa is purged away by hydrogen gas 
(Fig. 8D). Nevertheless, as shown later in the experi- 
ments, the Ga atoms on the surface of the substrate are 
not desorped by supplying hydrogen there. 
[0074] Accordingly, the amount or rate of the crystal 
growth after the cycle (ASH3 H2 TMGa - H2) of Figs. 
8A to 8C is determined by the amount of As atoms re- 
maining on the surface of the substrate after a take off 
thereof. 

[0075] in a homogeneous growth of a compound 
semiconductor, particularly a binary compound semi- 
conductor, the effect of the desorption of the V-group 
eiement by the hydrogen purging step causes only a 
variation of the growth rate of the compound semicon- 
ductor. In a heterogeneous growth, however, the des- 
orption of a V-group element affects the precision of the 
heterojunction and alloying layers appear at the inter- 
face of the hetero compound semiconductors. The alloy 
layer may cause scattering, and accordingly, the des- 
orption of the V-group element must be prevented to 
thereby obtain a perfect atomic layer heterojunction. 
[0076] Nevertheless, by controlling the vacancy sites 
of a V-group element, for example, if a dopant of a VII- 
group element is supplied to occupy the vacancy site 
and become a donor, the amount of doping or the effi- 
ciency of the dopant can be controlled. Similarly, if it is 
considered that the stoichiometry is changed on the sur- 
face of the substrate, the control of other impurities (do- 
nor, acceptor) to be incorporated or a point defect den- 
sity, etc., is possible. 

[0077] (2) The above principle was applied to ALE of 
In As. 

[0078] An apparatus as shown in Fig. 1 was used. The 
source gases were TMIn and ASH3 diluted with H2 and 
supplied onto an InAs crystalline substrate. The pres- 
sure in the reaction tube was kept at 1 5 torr and the total 
gas flow rate was 2000 cc/min during the growth. H2was 
passed through a cylinder containing TMIn kept at 27^0 
at 60 cc/min. ASH3 diluted with H2 to 10% was supplied 
at 480 cc/min. 

[0079] Fig. 9A shows the sequential chart of the gas 
supply, in Fig. 9A, t^ denotes the time of H2 purge after 
ASH3 supply, and t2 denotes the time of H2 purge after 
TMIn purge. The exchange of the TMIn and ASH3 was 
perfonned by the high speed switchable valve of the 
manifold. 

[0080] To determine the resorption of already depos- 
ited atoms, the growth rate per one cycle of gas supply 
was measured while varying t.| and t2. Fig. 1 0 shows the 
growth rates in relation to t^ and t2 at a growth temper- 
ature of 400''C. In these experiments, the TMIn supply 
was 5 seconds and the ASH3 supply was 1 0 seconds, 
in one cycle. One of t^ and t2 was always fixed to 0.5 
second. 

[0081] Fig. 10 demonstrates that the growth rate per 
cycle decreases with an increase of the H2 purge time 



after the ASH3 supply, and is not altered by an increase 
of the H2 purge time after the TMIn supply. 
[0082] Similar results are observed at a growth tem- 
perature of 365**C (see Fig. 11). It is noted, however, 
5 that the amount of desorption of As during the same t-, 
is higher at a higher growth temperature than at a lower 
growth temperature. 

[0083] Fig. 12 shows the growth rate of InAs v.s. the 
pulse time of the TMIn supply, with ti as a parameter, in 
an ALE at 400*C. It is seen that the growth rate of InAs 
by ALE is controlled by t^, i.e., the pulse time of the purge 
after the ASH3 supply. 

[0084] (3) In the same manner as above, and In the 
gas supply sequence as shown in Fig. 9B, M2Se was 
supplied after the H2 purge step (t^) after ASH3 supply, 
to detennine the doped amount. HgSe diluted with to 
1 0 ppm was supplied at 30 cc/min for 1 second. 
[0085] Fig. 13 shows the electron concentration (Se 
concentration) of the obtained crystal v.s. t^. It is dem- 
onstrated that the electron concentration (Se cone.) in- 
creases along with an increase of t^ 
[0086] Generally, the dopant gas is supplied alone or 
in combination with a Ill-group element source, after the 
Hg purge following the V-group element source supply, 
although it Is not limited thereto. 
[0087] (4) Fig. 1 4 shows the limit of the time of the H2 
purge after an As source supply for preventing a des- 
orption of the already deposited As, in relation to the 
growth temperature. The conditions of the process were 
the same as those for Fig. 2. 

[0088] In Fig. 14, the hatched circles indtoate the up- 
per limit of the pu rging time for preventing the As resorp- 
tion and the white circles indicate the practically ade- 
quate purging time. Accordingly, the preferable time limit 
of the pulse time t of H2 purge can be expressed by the 
formula (1), more preferably by the formula (2). 

log t ^ -(7.09/475)T + 7.33 (1 ) 



log t ^ -(6.72/350)T + 7.44 (2) 

wherein t stands for the H2 purge pulse time after the 
As source supply, in seconds, and T stands for the 
growth temperature in ®C. 

[0089] Fig. 15A illustrates the growth of InPAs, as an 
example, when the purging time is disadvantageous- 
ly long. By ALE, P to In to As are grown and if the next 
H2 purge time is too long, some of already adsorbed As 
atoms are desorped. When TMIn is then supplied ther- 
eover, In atoms are adsorbed only on the remaining As 
atoms and not on the already adsorbed In atoms. The 
next H2 purge does not affect the In atoms. When PH3 
is then supplied, P atoms are adsorbed not only on the 
top In atoms that were adsorbed in the latest step but 
also on the In atoms on which In atoms were once ad- 
sorpted and then desorped. Thus, on the identical In at- 
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om layer, a layer of a mixture of As and P is formed and 
therefore the alloy structure is finally formed, 
[0090] Fig. 1 6A shows the crystal structure of a typical 
compound semiconductor In GaAs, as an example, 
grown by the conventional deposition methods. In Fig. 
16A, the sites of In, Ga and As atoms are random. Fig. 
16B shows the crystal structure of a compound semi- 
conductor InGaAs, as an example, grown by the ALE 
process of the present invention. In Fig. 16B, the sites 
of In, Ga and As atoms are in the order of layers and 
therefore this structure does not cause the carrier scat- 
tering by the alloy structure. 

[0091] 4. Examples of electronic devices in which the 
process of the present invention can be applied are il- 
lustrated. 

[0092] (1 ) Fig. 1 7 shows a high electron mobility tran- 
sistor (HEMT) in which a non-doped superlattice struc- 
ture 23 is utilized as an electron channel. In Fig. 17, 21 
denotes an Fe-doped semi-insulating InP (1 0 0) sub- 
strate, 22 a non-doped InP buffer layer, 23 a non-doped 
(lnAs)^(lnP)p supertattic structure as an electron chan- 
nel, 24 an n-type InP, 25 n'*'-type contact layers, 26 a 
gate electrode, 27 a source electrode, and 28 a collector 
electrode. 

[0093] Fig. 18 shows the band energy chart of the 
HEMT as shown in Fig. 17. Since electrons supplied to 
the channel flow predominantly through the InAs rather 
than InAs, the (lnAs)^(lnP)n channel acts almost like an 
InAs channel, giving a high electron mobility. Further, 
the periodic structure of the (InAs )m( '"^ )n controlled 
in the atom level by the ALE process of the present In- 
vention, the scattering of electrons, particularly by alloy- 
ing at the interface of the heterojunction, is almost pre- 
vented. Generally, dislocation, etc. due to lattice mis- 
alignment between the substrate crystal and the chan- 
nel layer crystal may occur, and the crystallinity of the 
channel portion may be deteriorated, but in accordance 
with the process of the present invention, the dislocation 
can be suppressed by varying the average composition 
of the channel portion by adequately selecting the m and 
n of (lnAs)„(lnP)„. 

[0094] It is noted here that, in accordance with the 
process of the present invention, a superlattice structure 
having a unit layer of 20 molecular layers or less, pref- 
erably 1 0 molecular layers or less, more preferably 2 to 
5 molecular layers or less can be made, particularly one 
comprising different In-containing compound semicon- 
ductors. 

[0095] (2) Fig. 1 9 shows a heterojunction bipolar tran- 
sistor (HBT) and Fig. 20 shows the band energy chart 
of the HBT as shown in Fig. 19. 

[0096] An emitter 31 is n-type InP (- 5 x lO^^ em-3) 
and a collector 32 is n-type InP (IC® — 10^0 cm-3), and 
a base 33 is p-type InAs (IC® — lO^o cm-3). Thus, the 
interfaces between the base 33 and the emitter 31 and 
between the base 33 and the collector 32 are hetero- 
junctions (double heterojunction structure). In Fig. 17, 
34 denotes a semi-insulating InP substrate. 35 an n***- 
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type Ino.saGa^, .yAs contact layer (more than 1 0^^ cm*^) 
and 36 an n-^-type InQ 53Gao.47As contact layer (more 
than 10^9 cm-3). 

[0097] Since the switching speed of a bipolar transis- 
tor is determined by the time of electron running from 
the emitter through the base to the neutral portion of the 
collector, and since the base is made of InAs having a 
high electron mobility and the band energy chart of Fig. 
20 the switching speed of the HBT is very fast. This type 
of electronic device utilizing the high electron mobility of 
InAs. which has not been manufactured, can be made 
by utilizing an InAs/lnP or the like heterojunction in ac- 
cordance with the ALE process of the present invention. 



Claims 

1 . A process for growing a crystalline compound sem- 
iconductor, comprising the steps of: 

heating a crystalline substrate to a predeter- 
mined temperature in a vacuum chamber, and 

at said predetermined temperature of the crys- 
talline substrate and in the following sequence: 

supplying a first source gas for a Ill-group ele- 
ment containing an organic In compound dilut- 
ed with hydrogen over said crystalline substrate 
under a predetermined pressure, 

supplying a second source gas for a first V- 
group element over said crystalline substrate 
under a predetemiined pressure, 

supplying a third source gas for a Ill-group el- 
ement containing an organk: In compound di- 
luted with hydrogen over said crystalline sub- 
strate under a predetermined pressure, 

supplying a fourth source for a second V-group 
element over said crystalline substrate under a 
predetenmined pressure, and 

wherein said second and fourth sources have 
different compositions with each other. 

2. A process according to claim 1 , wherein said steps 
of supplying said first and second source gases are 
repeated to grow a first In-containing compound 
semiconductor layer on said crystalline substrate, 
before said steps of supplying said third and fourth 
source gases are repeated to grow a second In- 
contalning compound semiconductor layer on said 

55 first In-containing compound semk:onductor layer. 

3. A process according to claim 1 or 2, wherein said 
predetemnined temperature is in a range of 300 to 
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450»C. 

4. A process according to claim 1 , 2 or3, wherein said 
second and fourth source gases contain hydrogen 
gas. 

5. A process according to any one of claims 1 to 4, 
wherein said first to fourth source gases are purged 
away by supplying a hydrogen gas over said crys- 
talline substrate under a predetemnined pressure. 

6. A process according to any one of claims 1 to 5, 
wherein each of said predetemnined pressures in 
said steps of supplying said first, second, third and 
fourth source gases is a certain pressure in a range 
of Storrto 1000 torn 

7. A process according to any one of claims 1 to 6, 
wherein said organic compound of In is trimethyl in- 
dium and said second and fourth source gases 
comprise arsine and phosphine. 

8. A process according to any one of claims 2 to 7, 
wherein a heterojunction is one selected from the 
group consisting of InAs/lnP, InAsP/lnP and InAs/ 
InAsP. 



supplying a source gas for a V-group element 
over said crystalline substrate, 

wherein said predetemnined temperature, dilu- 
s Won ratio, flow rate and pressure are selected 

such that said organic In compound is not de- 
composed before said organic In compound 
reaches said crystalline substrate, and said or- 
ganic In compound is effectively decomposed 
10 through a reaction with hydrogen only after said 

organic In compound reaches and is adsorbed 
over said crystalline substrate. 

12. A process according to claim 11. wherein said 
15 source gases are purged away by supplying a purg- 
ing gas containing hydrogen after said source gas- 
es are supplied to deposit said Ill-group and V- 
group elements on said crystalline substrate, and 
said crystalline substrate is always surrounded by 
^0 a hydrogen atmosphere during said process of 
growing the crystalline compound semiconductor. 



9. A process according to any one of claims 5 to 8, 
wherein in said purging steps after the steps of sup- 
plying said second and fourth source gases to ad- so 
sorb the first and second V-group elements on the 
underlying crystalline substrate, the hydrogen gas 

is supplied in a short time such that the adsori^ed 
V-group element is not desortsed. 

35 

10. A process according to claim 9, wherein said sec- 
ond and fourth source gases comprise arsin and 
said short time satisfies the following formula: 

log t ^ -(7.09/4.75)7 + 7.33 ^ 



where T stands for a temperature of the crystalline 
substrate in and t stands for the time of supplying 
the hydrogen gas. In seconds. 45 

11. A process for growing a crystalline compound sem- 
iconductor, comprising the steps of: 

heating a crystalline substrate to a predeter- so 
mined temperature in a vacuum chamber, and 
with said predetemnined temperature, 



supplying a source gas for a Ill-group element 
containing an organic In compound diluted with 55 
hydrogen at a predetermined dilution ratio over 
said crystalline Substrate at a predetermined 
flow rate and a predetermined pressure, and 
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